Cultivation of amebae of the axenic strain of Naegleria gruberi, NEG-M, was achieved in media consisting entirely of chemically defined components. A complete medium that contains 31 components allows growth with yields up to 5 x 106 amebae per ml. A minimal medium gives lower yields but defines 22 components that are essential for continuous cultivation: 11 amino acids, 6 vitamins, hematin, guanosine, D-glucose, Mg2+, and inorganic phosphate. These media allow precise studies of the metabolism and differentiation of this unusual eukaryote.
Naegleria gruberi, a unicellular eukaryote common in soil and fresh water throughout the world, reproduces as amebae, but these amebae possess the remarkable capacity of being able to transform into streamlined, swimming flagellates whenever a suitable stimulus is provided. We are using this hour-long phenotypic change as our paradigm for the study of cell differentiation (1) . As was noted in 1970 (2) , this paradigm lacks only two attributes: a known sexual cycle for genetic analysis and the ability to grow amebae in a chemically defined medium. Here we report defined and minimal media for one strain of N. gruberi.
Definition of the nutritional requirements of Naegleria is also of interest because this genus occupies an extraordinary, although imperfectly defined, taxonomic position that links amebae, flagellates, and fungi (2) and because a related species, N. fowleri, is a pathogen that causes amebic meningoencephalitis in humans (3) .
The normal food of Naegleria amebae is bacteria. Balamuth (4) achieved the first bacteria-free axenic medium for N. gruberi strain EG; this medium contained peptone, liver extract, yeast extract, dextrose, phosphate buffer, and a serum fraction. We obtained this strain, prepared a clonal derivative, NEG, eliminated the liver extract, and replaced the serum fraction with macromolecular components of fetal calf serum (2) . Subsequently, we were able to replace the peptone with L-methionine and achieved a partially defined medium, medium M7, but by this time the strain grown in axenic medium had evolved so that the derivative, NEG-M, was able to grow in medium M7, whereas NEG would not (5) . A similar evolution of axenic strains has been observed in Dictyostelium and in Physarum (6, 7) . Band and Balamuth (8) were able to replace the serum fraction in Balamuth's medium with hematin (from hemin), but we found that strain NEG-M would not grow in medium M7 when the macromolecular fraction of fetal calf serum was replaced by hematin. This provided the starting point for our quest. EXPERIMENTAL PROCEDURES Strains. N. gruberi NEG-M (American Type Culture Collection no. 30224) has been described (1, 5) . Strain NEG-MD is a clonal derivative of NEG-M that grows well in the defined media.
Reagents. Most components of the defined media were from Sigma (purest grade); D-glucose, glycerol, and the inorganic components were from Fisher. Different lots of each compound were tested and gave comparable growth. Water passed through activated charcoal and two mixed-bed ion exchangers was used for all solutions.
Medium M7. Medium M7 contains 0.3 mM L-methionine, 30 mM D-glucose, 7 mM phosphate buffer, 0.5% Difco yeast extract, and 10% (vol/vol) of the soluble retentate of fetal calf serum dialyzed against water, with a final pH of 6.8. Preparation of medium M7 is described elsewhere (5) . Since medium M7 was described, the final yield of amebae has increased from 2-4 x 106 to 3-6 x 106 per ml, presumably as a consequence of evolution of NEG-M.
Preparation of Medium MD. To prepare one liter of medium MD, the components listed in group I (Table. 1) are weighed into about 600 ml of water. For convenience, glycerol is added as 5 ml of a 10% (wt/vol) solution. After all components have dissolved, the pH is adjusted to 6.5 by adding NaOH (10 M, then 1 M), and the solution is brought to 930 ml and autoclaved (10 min at >121'C). Stock solutions for component groups II-VI are prepared in 100-ml aliquots; compositions are given in Table 1 . Components in groups II and IV simply are dissolved in water and autoclaved; group III components are treated similarly except that 0.1 ml of 1 M HCl is added to the water. The vitamins (group V) are dissolved in 80 ml of water and brought to pH 7.0 with NaOH and then to 100 ml with water. Hemin (group VI; Sigma H2250) is dissolved in 0.4 ml of 0.1 M NaOI4, which converts it to hematin, and then is diluted to 100 ml with water. The vitamin and hematin stock solutions are each sterilized by filtration through a 0.22-,um Millex-GS filter (Millipore) and stored at -20°C; the hematin solution is stored in about 2-ml aliquots to minimize freezing and thawing. When the autoclaved components have cooled to room temperature, 30 ml of solution II, 10 ml of III, 20 ml of IV, and 15 ml of V are added to solution I. The pH of this mixture is 6.6 at 25°C. The prepared medium MD, without hematin, is stored at 4°C, where it is stable for at least 1 month. At the time cultures are inoculated, hematin is added to the medium at 0.16 ml of stock solution VI per 20 ml of medium.
Medium MMD is prepared as described above except that the components listed as "C" under "Requirements" in Ta 
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caps (Bellco 2005-00025) containing 20 ml of medium and shaken at 32°C on a reciprocating shaker water bath at 80-88 oscillations per min (3.8-cm strokes). Early stationary-phase cultures were subcultured to the defined medium by inoculating the fresh medium with 2 x 105 amebae per ml. Amebae growing in medium MD were subcultured every 2-3 days, whereas those growing in medium MMD were subcultured at 3-to 4-day intervals. As was previously observed with medium M7 (5), the cells die rapidly after they reach stationary phase, so prompt subculturing is essential. Growth of these suspension cultures was monitored by counting the number of cells in 1:50 dilutions using a Coulter Counter as described (2) .
Differentiation. Differentiation to flagellates was obtained and measured as described (5) . TK buffer contained 2 mM Tris HCl and 10 mM KCl (pH 7.2).
RESULTS
Development of Defined Media. Hematin (1 ,ug/ml) could replace the dialyzed fetal calf serum in medium M7 if proteose peptone (1%, Difco) was also added. The maximal yield of cells in this medium was 1-2 x 106 per ml, or less than half that attained in regular medium M7. By the empirical procedure of testing compounds that were candidates for growth requirements and seeking stimulatory or at least noninhibitory concentrations of these compounds, we eventually were able to replace the proteose peptone with a mixture of 18 amino acids and 12 vitamins. Requirements for six amino acids were observed by single deletion experiments at this stage. The ability of cells to grow in this medium remained markedly dependent on the concentration of yeast extract in the medium (0.5%). Yeast extract was eliminated in four stages by reducing its concentration to the lowest percentage Cell Biology: Fulton et aL that still supported minimal growth and then adding components to restore the cell yield to the original population density. At 0.3% yeast extract, increasing the concentrations of certain amino acids was sufficient. At 0.2% yeast extract, group additions of nucleic acid precursors, salts, and spermidine (0.2 mM) and increases in several amino acids sufficed. At 0.1% yeast extract, thiamine, pyridoxine, and guanosine were found to be required. An increase in the concentrations of guanosine and uracil allowed growth in 0.05% yeast extract, and a further increase in these components allowed the elimination of yeast extract. This first chemically defined medium had 44 components and supported growth with a doubling time of 25 hr to 1 x 106 cells per ml.
Once the cells were growing in a chemically defined medium, we determined the extent to which each component was required, eliminated unnecessary components, and determined the optimal concentration of each component. In these variations, we concentrated on obtaining a defined medium that allowed vigorous growth, so we retained any component that reproducibly improved growth whether it appeared to be required or not. Spermidine, which appeared important earlier, had no effect on growth in the defined medium and, thus, was eliminated. The final medium, medium MD, contains 31 components ( Table 1 ; the phosphate buffer is considered as one component). Medium MD is a complete medium and contains all components we have found that improve growth rate or yield, each at an optimized concentration. By eliminating nine components that were not absolutely essential for growth, listed as C in Table 1 , we obtained a minimal medium, medium MMD.
Growth in Media MD and MMD. Sample growth curves are shown in Fig. 1 . Medium MD allowed growth in suspension culture at 320C with a doubling time of 12-15 hr, as compared to 8-9 hr previously reported for medium M7 (5). In both these media, M7 and MD, cells achieve maximal popu- lation densities of 3-6 x 106 amebae per ml. Amebae have been maintained in medium MD for over 400 generations. Cells in medium MMD grow more slowly and achieve population densities of only 0.7-1 x 106 per ml, but amebae have grown continuously in this medium for over 160 generations. Deletion of any component of medium MMD led, immediately or after several generations, to failure of growth.
Throughout this study, cultures were inoculated with 2 x 105 amebae per ml (Fig. 1) . In medium MD, the amebae grew immediately and at an equal rate if subcultured at 2 x 104 cells per ml; growth rate was also independent of whether subculturing was done by simple dilution or by first washing the amebae in fresh medium MD. These results rule out any major conditioning of medium MD by the cells as a prerequisite for growth. On the other hand, maximal yields were attained only in cultures inoculated with a minimum of about 7 x 104 amebae per ml, presumably because the hematin in the medium decays appreciably by 4-5 days at 320C.
Nutritional Requirements. The minimal medium, MMD, defines 22 nutritional requirements for N. gruberi NFG-M.
Because this medium was empirically derived, these requirements do not in themselves define specific deficiencies in metabolic pathways; other compounds might substitute for some of those required in the media as formulated Almost nothing is known about intermediary metabolism in N. gruberi. Amino Acids. Eleven amino acids are essential. Not more than two divisions occurred in the absence of any one of the eight amino acids listed as A in Table 1 . The other essential amino acids allowed growth for a few generations, but then growth failed; the remarkable example of histidine is shown in Fig. 2 . The deletion of cysteine allowed slow growth in the first culture, but growth failed on subculture; cystine could substitute for cysteine. The glycine requirement could be reduced, if not eliminated, in media that contained aspartic acid, glutamic acid, serine, and tyrosine, but because none of these amino acids was required, it was more straightfor- ward to include glycine. Alanine, lysine, and proline all improved growth, but none was required. Asparagine and glutamine were of no benefit.
Purines and Pyrimidines. Guanosine was essential (Fig. 2) ; guanine, with or without added ribose, could replace guanosine, but the yield was lower. Hypoxanthine, inosine, or ribose did not replace guanosine. Uracil, while not essential, markedly improved growth rate (Fig. 2) . Other precursors of nucleic acids were tested, from ribose to thymidine, but none reproducibly improved growth.
Vitamins. Requirements for thiamine and pyridoxine were demonstrated even before yeast extract was eliminated. Pyridoxal will substitute for pyridoxine, but pyridoxal gave lower yields. Riboflavin and folic acid requirements were obvious after the second transfer, whereas the cells grew 7-8 generations before requirements for either biotin or vitamin B-12 became apparent. In addition to the six required vitamins, other candidates were tested, but none stimulated growth, including ascorbic acid, flavin mononucleotide, alipoic acid, nicotinamide, and pantothenate.
Other Organics. Glucose was essential, and galactose would not substitute ( (Table 3) ; the concentration of phosphate could be increased to 10 mM without diminishing growth.
Ca2+, Fe2+, and Zn2+ all stimulated growth; presumably these and other trace elements are required, but the requirements were obscured by impurities in this complex medium, which in the case of medium MD contains over 17.5 g of total solid per liter (with an osmotic pressure of 150 milliosmol/kg). Thus, it is not surprising that trace elements such as Cu2' and Mn2+ did not stimulate growth.
pH. Cells grew well in medium MD at initial pH values ranging from about 6.2 to 6.6; lower and higher pH values gave reduced growth rates and yields. In all media-MD, MMD, and M7-the pH rose as the cells reached stationary phase (Fig. 1) . After exploration of various phosphate and buffer combinations, we chose a phosphate concentration of 7 mM and an initial pH of 6.6. This combination gave minimal doubling time and maximal cell yield, gave adequate pH control through the period of interest (3 days), and also provided cells that differentiate well.
Differentiation. Amebae grown in medium MD were capable of differentiating to flagellates if transferred to a nutrientfree buffer (Fig. 3) . The differentiation obtained with strain NEG-MD was comparable to that previously obtained in medium M7 (5), but only about 80% of the cells formed flagella. As described for medium M7 (5), the pH of medium MD should be -6.6 at the time amebae are sampled for differentiation; this is an important variable in determining the percentage of cells that differentiate. Cells grown in medium MMD differentiate under the same conditions, but only about 60% form flagella.
DISCUSSION
This study adds N. grluberi to the short list of amebae that can be grown in defined media. The other amebae are Acanthamoeba castellanii (9, 10), Dictyostelium discoidelum (11) , Physarum flavicomum (12) , and Physasum polycephalum (13) . Acanthamoeba and Dictyostelium do not appear to be closely related to each other or to Naegleria, but Physrum may be distantly related to Naegleria (2). Acanthamoeba and Physarum have substantially fewer requirements than have Dictyostelium and Naegleria. Among these amebae only Naegleria requires a purine and pyridoxine and has its growth improved by a pyrimidine; some ciliates and other protozoa share these requirements (14) . The media for these phagotrophs, who in all cases prefer bacteria to a liquid diet, share certain similarities, and these have proved useful. In most cases the defined medium for one organism will not support the growth of another, but a complex medium we developed for Naegleria (2) served as the first soluble medium for cultivation of Dictyostelium (15) , and later a defined medium for Dictyostelium (11) was used as a starting point to improve a defined medium for Acanthamoeba (10) . Any inferences about the evolutionary relatedness of these amebae, based on their nutritional requirements, seem tenuous at best.
Hematin, required by Naegleria (8) , is also required by both amebae and plasmodia of Physarum (12, 13, 16) as well as by trypanosomes and diverse other organisms (17) . The hematin requirement is a nuisance because it is the only unstable component of the medium; it would be helpful to find a stable substitute.
The parent strain, N. gruberi NEG, is haploid (2), whereas the axenic strains NEG-M and NEG-MD stably have approximately twice the ploidy of NEG (5). The increased ploidy is probably not a necessary part of the adaptation to axenic media; the axenic strains of Dictyostelium and Physarum are haploid (6, 7) . Strains NEG-M and NEG-MD both grow in the media described herein, but strain NEG-MD grows faster and differentiates more reproducibly. Although strain NEG will grow in soluble axenic media (2) , the definition of its nutritional requirements remains a challenge.
The achievement of defined and minimal media for a strain of N. gruberi should encourage use of this organism in biochemical studies. The media also provide a starting point for the development of defined media for other strains of N. gruberi, which differ in undefined ways in their nutritional requirements (2), and for N. fowleri (3). For us, the most exciting possibility is to use the components of the defined medium as a puppeteer uses the strings on a puppet in order to study differentiation. Differentiation occurs when cells are transferred from their growth medium to nutrient-free buffer. Which components of the medium control the initiation and progress of differentiation? This question was partially answered for cells growing in medium M7 (18) , but the defined media should permit a more refined dissection. In addition, the defined media make possible many experiments, including precise isotopic labeling, provision of nutrients during differentiation, and isolation of auxotrophs, which provide new opportunities for the experimental analysis of this differentiation.
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